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Introduction
Global CO2 emissions from fossil-fuel burning and industrial processes have doubled over the past 40 years, increasing from 16.9 gigatonnes (Gt) in 1974 to 35. 5 According to the Kaya identity, the growth in global CO2 emissions is driven by four factors, that is, = • • • , where Ca is CO2 emissions, P is population, is gross domestic product (GDP) per capita, is the energy intensity of GDP, and is the carbon intensity of energy (emissions/energy). Gerland et al. (2014) project that the world population will continue to rise within this century, with a 95% chance that it will grow from 6.1 billion in 2000 to 9.0-13.2
billion by the year 2100. On a century-long basis, Baksi and Green (2007) find that the long-term average annual decline in global energy intensity is unlikely to substantially exceed 1.1%. Given an increase in GDP per capita is very crucial for improving living standards in developing countries, one of the most important ways to curb the growth of CO2 emissions in developing countries is to decrease the carbon intensity of energy, i.e., the de-carbonization of energy consumption (see also, However, the share of renewable energies in global primary energy consumption as a total does not show any signs of increasing, especially in developing countries. On the contrary, it has remained more or less stable at approximately 13% since 1990 ( Figure 1a ). This stability may also be why we observe the acceleration in global CO2 emissions growth (see also Raupach et al., 2007 , Peters et al., 2012 . Although the share of solar, wind and bio-renewable energies rose from 0.35% in 1990 to 2.45% in 2014, that rise has been largely offset by a 1.1 percentage point decline in the share contributed by nuclear energy -also a low-carbon energy source (see also Green, 2015) . In terms of countries, the performance of developed countries with regard to renewable energy usage is slightly better than that of developing countries. The share of carbon-free renewable energy in total primary energy consumption in developing countries has remained steady at 9% during the period 1990-2010 and, in 2014, increased to 10% (Figure 1c ), whereas that of developed countries slowly increased from 13.3% in 1990 to 15 .6% in 2000 and 17.9% in 2014 (Figure 1b) . The stable share of carbon-free renewable energies implies that the total share of fossil fuels in global energy consumption has remained relatively steady. Note that this stability does not necessarily mean fixed carbon energy intensity. Indeed, there is an internal structural change by fossil fuel (Fig. 1 ). Developed countries have witnessed an increase in the share of natural gas by 5.0 percentage points from 1990 to 2014 and drops in the shares of coal and oil by 5.5 and 4.1 percentage points, respectively (Fig. 1b) . Meanwhile, developing countries have witnessed a drop in the share of oil by 9.2 percentage points and increases in the shares of coal and gas by 3.4 and 4.2 percentage points, respectively (Fig. 1c) . On average, coal and oil have higher carbon contents than gas when generating the same amount of heat 2 . The change in the relative share of different fossil fuels may lead to changes in the total CO2 emissions for an economy, even when its total primary energy consumption remains the same. As suggested by Figure 2 , CO2 emissions from gas use increased significantly over time in developed countries, whereas CO2 emissions from coal use increased significantly in developing countries.
2 On average, coal has the highest carbon contents, with 3.96 tons of CO2 per ton of oil equivalent (toe), followed by oil (2.35 tons of CO2 per toe) and natural gas (3.07tons of CO2 per toe) (BP, 2015). emissions growths by fossil fuel type from the consumption-based perspective. One of the pioneer studies might be from . Based on Eora, they decomposed the global CO2 emission growth by fuel type for the period 1990-2010, and demonstrate that affluence (per-capita consumption) and population growth are outpacing any improvements in carbon efficiency in driving up emissions worldwide. In this paper, based on the WIOD, we further distinguish the final demand into consumption and investment, and employ a structural decomposition model (SDA) to explore the driving forces behind global CO2 emissions growth by demand type (consumption or investment), country group (developed or developing country), fossil fuel type (coal, oil or gas) and industry group. By such a decomposition, we hope to understand the global CO2 emissions growth at a more detailed level. For example, for whom gas-use-related CO2 has been emitted in developed countries or for whom coal-use-related CO2 has been emitted in developing countries? Is there a difference in the demand structures and consumption bundles between developed and developing countries that have led to different oil, coal, and gas requirements? It is hoped that doing so may illuminate the questions noted above.
Methodology and Data
In this paper, we employed a structural decomposition model (SDA) based on a global multi- 
According to Table 1 , we have row equilibrium in matrix notation as follows:
The direct input coefficients can then be obtained by normalizing the columns in the IO table; that is:
where r, s=1,...,n, and (̂) − denotes the inverse of a diagonal matrix of total outputs in region s.
Define the input coefficients matrix = [
where is the input coefficient from region r to region s. Then, the Leontief inverse can be calculated as = ( − ) − ; that is,
, where I is the identity matrix with diagonal elements as ones and non-diagonal elements as zeros. The Leontief inverse describes both the direct and indirect linkages across countries and sectors.
Using to denote CO2 emissions linked to fossil fuel type o (=coal, oil and gas) in region r and = (̂) −1 to denote the carbon emissions intensity per unit of output linked to fossil fuel type o (=coal, oil and gas) in region r, CO2 emissions by fuel type generated along global production chains can be calculated as follows:
Eq. (3a) calculates the production-based CO2 emissions by fuel type o (=coal, oil and gas) in region r (=1,...,n), whereas eq. (3b) calculates the consumption-based CO2 emissions by fuel type o (=coal, oil and gas) because of the final demand in region r (=1,...,n). The WIOD divides sectors and regions into 35 sectors and 41 regions, as shown in Appendix 3 . In addition, given that China has a high dependency on coal and the world's largest CO2 emissions, we separate China from the developing countries group to avoid distorting the picture of developing countries. That is, we explore the driving forces behind the consumption-based CO2 emission by fuel type for three country groups:
developed countries (Annex B), China, and developing countries excluding China (non-Annex B excluding China).
Arto and Dietzenbacher (2014) have found that final demand is the dominant force driving global CO2 growth. Given that investment, especially infrastructure construction, is highly carbonintensive (see also Perz, 2014), we further divide final demand into consumption and investment.
We also separate the demand of developed countries and developing countries, and of these groups, the largest developed country, the US (r = 41 in the WIOD), and the largest developing country, China (r =7 in WIOD), are singled out. The idea is to trace the global CO2 emission growth by fuel type into specific types of demand for specific countries groups. That is, we have consumption for four country groups as follows:
]. Similarly we can have the level of investment of the four country groups as follows: , , − and .
Then, we can decompose the CO2 emissions growth from the demand perspective. For example, for the CO2 emissions of China (r = 7) linked to fuel type o (=coal, oil and gas) for year t, we have:
Then, we have the decomposition from year t-1 to year t based on the average of the polar decompositions: 
Empirical Results

Decomposition results of CO2 emissions growth by fuel type and country group
In Figure 3 , we decompose the cumulative CO2 emissions growth by fuel type and country group from a demand perspective, where "demand" is divided into eight groups. More specifically, emissions from oil use in developed countries derived from the change in carbon intensity are mainly attributable to an improvement in energy efficiency, whereas the reduction in CO2 emissions from oil use in developing countries (excluding China) derived from the change in carbon intensity is mainly attributable to a shift from oil to other fossil fuels.
Note that the change in carbon intensity led to only a very small reduction in CO2 emissions from gas use in general -that is, 12 Mt for China and 117 Mt for developed countries in 1995-2009.
Further exploration shows that the share of gas in total primary energy expanded by 1.8 and 2.2 percentage points in China and developed countries, respectively. Given the considerable drops in energy intensity in China and developed countries for the same period, these countries may tend to use more gas when generating the same amount of output, e.g., a structural shift toward sectors that heavily rely on gas rather than coal or oil. We return to this point below in section 3. It should be noted that although both China and the developing countries group have experienced a growth in CO2 emissions that is mainly led by capital investment, their dependency on fuel by fuel type is different. Over 90% of China's investment-driven CO2 emissions are from coal, whereas these emissions in other developing countries (excl. China) are almost equally distributed among coal, oil and gas. China has a high level of dependency on coal as the primary energy input (above 70% in 2008), and its share of coal in total primary energy consumption is much higher than that in other developing countries (approximately 40% in 2008). Given that coal has higher carbon contents than the equivalent level of oil and gas, this phenomenon may also be one of the reasons behind China's considerable growth in CO2 emissions. Figure 3 only sketches the overall patterns of CO2 emissions by fuel type from the demand perspective. Given the dominant role played by the change in final demands, it is interesting to further explore the differences in the demand structures among the different country groups, e.g., whether they have different requirements for different fuel types. In this section, to provide a more explicit picture, we focus on the top 5 industries for which the changes in final demand bring the largest CO2 emissions growth when all other factors remain constant. That is, we adapt the decomposition formula (6) as follows: Table 2 summarizes the top 5 industries for each fuel type, final demand and country group, their corresponding subtotal effect on global CO2 emissions growth, and the concentration ratio (subtotal effect/total effect of all 35 industries). First, Table 2 shows that investment-led CO2 emission growth is highly concentrated in a few industries. The top 5 industries explain 84%-96% of all 35 industries' investment-led CO2 growth; that is, the concentration ratios of the top 5 industries range from 84% to 96% for investment. Meanwhile regarding consumption, the concentration ratio ranges from 40% to 67%. More specifically, the changes in capital investment in construction and few "high-end" manufacturing sectors, such as machinery (ind. 13), electrical and optical equipment (ind. 14) and transport equipment (ind. 15), dominate the CO2 emissions growth in all developing countries. Construction that is largely attributable to upgrades in infrastructure alone has a concentration ratio of approximately 65% for the investment-led CO2 emissions growth in developing countries including China. The remaining 35% of investment-led CO2 emissions growth is mainly attributable to the upgrading of machinery for production in manufacturing industries, especially high-end manufacturing industries. Production in developing countries has shifted from labor-intensive methods to capital-intensive methods. As a result, considerable requirements for capital investment in infrastructure and these "high-end" manufacturing sectors have been stimulated, consequently leading to a considerable growth in CO2 emissions in developing countries.
The top 5 industries with the largest effects on CO2 emission growth by fuel type and country group, prior to economic crisis
With respect to consumption, the pattern of the top 5 industries varies among the three fuel types and four country groups. The consumption of electricity (ind. 17) is clearly the largest source of coal-use-related, oil-use-related and gas-use-related CO2 emissions growth in developing countries, whereas for developed countries, electricity is the only large source of coal-use-related but not oil-use-related or gas-use-related CO2 emissions growth. Developing countries (including China) mainly rely on fossil fuels as electricity generation inputs. As a result, electricity (ind. By contrast, developed countries rely on a variety of renewable energies, such as wind, solar and nuclear energies, to generate electricity. As a result, we find that the growths in CO2 emissions from oil and gas use in developed countries are mainly led by few manufacturing and services industries such as wholesale and retail (ind. 20 and 21). In addition, the change in consumption in public administration and defense (ind. 31) and health and social work (ind. 33) also led to a considerable CO2 emissions growth. For the US, the change in consumption in these two industries Canada, Germany and the United Kingdom) experienced a shift from coal to natural gas, and in spite of the improvement in the emission intensity of coal, the coal demand used for the production of electricity and/or heat still drives the growth of coal use and the related CO2 emissions, especially in developing countries. All of these are in line with our findings.
Conclusion
Our decompositions indicate that, despite the improvements in energy efficiency, the growth 
